We make a theoretical study of the charge and forward-backward pion asymmetries in the e + e − → π + π − γ process on and off the φ resonance energy. These observables are rather sensitive to the inner details of the theoretical models to describe the reaction. In addition to the standard implementation of the initial state radiation (ISR) and the Bremsstrahlung contribution to the final state radiation (FSR), we use the techniques of the chiral unitary approach to evaluate the contribution from the mechanisms of φ decay into π + π − γ. This contribution involves the implementation of final state interaction from direct chiral loops, the exchange of vector and axial-vector resonances and the final state interaction through the consideration of the meson-meson unitarized amplitudes, which where found important in a previous work describing the φ → ππγ. We find a good reproduction of the experimental data from KLOE for the forward-backward asymmetry, both at the φ peak and away from it. We also make predictions for the angular distributions of the charge asymmetry and show that this observable is very sensitive to the chiral loops involved in φ radiative decay.
I. INTRODUCTION
The radiative decays of the φ into ππγ has been considered as one of the most suitable reactions to get information about the f 0 (980) resonance [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14] . In the last decade the idea that this resonance, as well as the other light scalar resonances, a 0 (980), f 0 (600) or κ(800), are dynamically generated from multiple scattering using the ordinary chiral Lagrangians [15, 16, 17, 18] has shed new light into the problem of the nature of the scalar mesons. From the experimental point of view, both the CM2 collaboration at Novosibirsk [19] and the KLOE collaboration of the φ factory DAΦNE at Frascati [20] reported results on the two pion invariant mass distribution in the φ → π 0 π 0 γ decay. The φ meson is produced from electronpositron collision. In the study of the charged pion channel, φ → π + π − γ, the problem of the large contribution of the initial state radiation (ISR), (where the photon is emitted from the electron or the positron, not possible in the π 0 π 0 γ case for charge parity reasons), can turn itself into an advantage through the analysis of different asymmetry observables, like the so called forwardbackward pion asymmetry and charge asymmetry [21, 22] . The reason is that this observable can be very sensitive to inner details of the models to describe the reaction, thanks to the importance of the interference between the final state radiation (FSR) and the ISR mechanisms. The former is very model dependent and thus the study of this asymmetry is a good tool to test models for the FSR. In particular, if the e + e − center of mass energy is set to the φ(1020) peak, as is the case of DAΦNE, it is very suited to test φ decay models where the scalar mesons play a crucial role, particularly the f 0 (980) resonance.
For the FSR in the the e + e − → π + π − γ reaction, there are some standard models like the scalar QED (sQED) for the final state Bremsstrahlung process [21, 22, 23, 24] . This is the most important contribution for large invariant mass of the pions, but for the lowest part of the two pion spectrum other mechanisms related to φ radiative decay become competitive. In [23, 24, 25] a correction from the vector contribution using the resonance chiral theory Lagrangians [26] was also considered. For the φ decay process there is a wider variety of models which differ on the treatment of the scalar mesons. Ref. [27] considers the contribution of intermediate scalars using a point-like φf 0 γ interaction with explicit scalar meson fields. In Ref. [24, 28] the double resonance contribution e + e − → φ → ρ ± π ± → π + π − γ was also considered. The most recent approach to the problem [25] treats the scalar mesons from kaon loops using the techniques of the chiral unitary approach to generate dynamically the scalar resonances and compare the results with other models of scalar mesons like the linear sigma model [29] . The authors in [25] could not find a good reproduction of the KLOE data [30] on the asymmetry in the whole double pion mass range 1 . In ref. [10] , a very elaborate model was developed for the φ decay into ππγ. The model considered the implementation of the two pseudoscalar final state interaction using the techniques of the chiral unitary approach, both from the kaon loops and from the production through the exchange of intermediate vector and axial-vector resonances. These new mechanisms were shown to be relevant for the two pion mass distribution in the φ radiative decay, specially at the low part of the spectrum.
The aim of the present work is to evaluate the forward-backward and charge asymmetries in the e + e − → π + π − γ reaction in order to test the accuracy of the model used in ref. [10] to evaluate the φππγ decay. This provides an extra test on the chiral unitary approach and its repercussion on the dynamical generation of the light scalar mesons.
The e + e − → π + π − γ gets contribution from two different processes depending on where the photon is emitted: the initial state radiation (ISR) and the final state radiation (FSR). In the ISR the radiated photon is emitted from the initial electron or positron and it just involves a trivial electromagnetic process except for the coupling of the pion to the photon which can be accounted for by the pion form factor. In the FSR the final photon is emitted after the virtual photon attached to the electron-positron line and it is the most model dependent part. For a diagrammatic representation of the final diagrams for the ISR we refer to fig. 1a ), 1b) of ref. [28] .
The amplitude for the FSR process can be decomposed in a model independent way in terms of three different structure functions. For this decomposition we follow the formalism of ref. [23] which is also used in ref. [25] , (see ref. [23] for further details). We summarize it briefly in the present section.
For the
it is convenient to introduce the variables Q = p 1 + p 2 , q = p + + p − , l = p + − p − and five independent Lorentz scalars defined as
(The electron mass is neglected in the present work). As mentioned above, the total amplitude can be decomposed as
with
where
In Eq. (3), F π (q 2 ) is the pion form factor which we take in the present work from ref. [23] .
As explained in ref. [24] , the most general form of the FSR tensor T µν F can be written as
where the τ
The theoretical models to describe the FSR can then concentrate on evaluating the Lorentz scalar functions, f i .
The cross section for the e + e − → π + π − γ reaction, with normalizationū s ′ u s = 2m e δ s,s ′ , can be written as
where ω +(−) is the energy of the π +(−) , θ + is the π + polar angle, φ +− is the azimuthal angle of the π − considering as z-axis the π + direction, Θ(x) is the step function and B is given by
The total amplitude squared, |T | 2 , can be explicitly separated into the contributions on the ISR, the FSR and the interference of the two amplitudes:
Due to charge parity (C) conservation, the final pion pair must be in a C = −1(+1) state for the ISR(FSR) case. The interference between two terms with opposite C-parity is C-odd and, then, it changes sign under the interchange of the two charged pions. Therefore, it produces a charge asymmetry, and also a forward-backward asymmetry
where we consider θ + defined with respect to the positron beam, and N represents the number of π + events in the given angular region.
III. UCHPT MODEL TO THE φ CONTRIBUTION TO THE FSR
The expression of |T ISR | 2 , |T FSR | 2 and Re{T ISR T * FSR } of Eq. (11) in terms of the structure functions f i of Eq. (7) can be found in Eqs. (8), (17) and (25) of ref. [23] . For the Bremsstrahlung process we use Eqs. (11)- (20) of ref. [24] , which correspond to the Feynman diagrams shown in fig. 2 of ref. [23] .
For e + e − center of mass energies very close to the mass of the φ(1020) resonance, the mechanisms producing a φ meson from the virtual photon an its subsequent decay into π + π − γ are relevant, (see fig. 1 ).
The diagrams for the different contributions to the φ decay are shown in fig. 2 . This model contains, in a first place, the loops coming from φ → K + K − decay and the implementation of the final state interaction of the pions using the techniques of the chiral unitary approach [8] , (fig. 2a ). This mechanism was also considered in ref. [25] using the resonance chiral perturbation theory Lagrangians. In the present work we use the Lagrangians of the hidden gauge symmetry [31, 32, 33] , where the conversion of the photons to vector mesons is a natural consequence of the general Lagrangians. Their use is equivalent to working with the scheme of [8, 10, 25] imposing the results of vector meson dominance [34] , essentially F V = 2G V . This mechanism contributes only to the f 1 function and is given by
where M I ≡ q 2 is the final two pion invariant mass, G( √ s, M I ) is the three meson loop function given in [10] , D φ is the φ meson propagator and t I=0 KK,ππ is the s-wave isospin I = 0 KK → ππ unitarized scattering amplitude in the normalization of [15] . Note that the main difference with respect to [25] or the expression given in [8, 10] is the term proportional to F V /2 − G V which is zero in vector meson dominance, implicit in the HGS Lagrangians, and contributes very little if explicitly considered [8, 25] . It is worth mentioning that the meson-meson unitarized amplitude generates also the σ(500) contribution apart from the f 0 (980) one, without the need to include explicit fields for these scalar resonances. They appear just from the implementation of unitarity form the lowest order meson-meson chiral Lagrangian [15, 16, 17] . Even more, it provides the actual shape of the amplitude in the real axis (with its possible background, etc), not just the pole contribution. The full gauge invariant set of diagrams in fig. 2a requires also a term where the photon couples to the four meson vertex. However, using the method of ref. [35] ones does not need to evaluate its contribution explicitly [35, 36, 37, 38] .
The model [10] adds to the previous mechanisms the contribution from the intermediate exchange of vector and axial-vector mesons, ( fig. 2b-e) . The vector meson exchange was also included, but only at tree level ( fig. 2b) , in [23, 24, 25, 28] in a different way. In [10] the φ couples to ρπ through φω mixing since a direct coupling is OZI suppressed. The exchange of axial-vector mesons was also included in [10] but they are negligible at tree level and we also neglect them at tree level in the present work.
In our formalism, the contribution of the tree level vector meson exchange ( fig. 2b ) to the structure functions is given by
See ref. [10] for further details on the definition and values of the different constants of Eq. (15). In Eq. (14) P ρ = (Q − l + k)/2 and P ′ ρ = (Q + l + k)/2. One of the main novelties of the work [10] was the implementation of the final meson-meson scattering in the mechanisms involving the vector and axial-vector exchange (figs. 2c-e). These mechanisms modified significantly the shape of the double pion mass distribution in the φ decay spectrum [10] . In addition to the loop mechanism constructed from the exchange of the ρ meson ( fig. 2c) , it is also possible to implement the loops in mechanisms with exchange of vector K * ( fig. 2d ) and axial-vector resonances, K 1 (1270) and K 1 (1400), (fig. 2e ).
For the evaluation of the asymmetry in the present work, these latter mechanisms (figs. 2c-e) contribute only to f 1 and the expressions can be obtained from the amplitudes given in ref. [10] 
IV. RESULTS
In order to compare with the experimental data of [30, 39] , we implement in our theoretical calculations the same cuts than in the KLOE experiment. Thus, we account only for pions with angles in the region 45 • < θ ± < 135 • , and photons with 45 • < θ γ < 135 • and E γ > 10 MeV.
In fig. 3 we show the results for the forward-backward asymmetry as a function of the two pion invariant mass, M I , including only the Bremsstrahlung process (dashed line); adding the direct chiral loops (dotted line); adding the vector meson exchange at tree level (dashed-dotted line); and the full model (solid line) which includes also the loops from the vector and axial-vector exchange mechanisms.
The sudden drop at the end of the spectrum is due to the photon energy cut. At higher invariant masses the dominant contribution is given by the Bremsstrahlung process as already obtained in all previous theoretical works on the reaction. The effect of the scalar f 0 (980) resonance is clearly visible as a deep in the invariant mass spectrum. At low invariant masses the sequential exchange of vector mesons has a crucial effect in the final shape of the asymmetry. This mechanism was not considered in ref. [27] claiming that is was negligible. On the other hand, the implementation of the final loops in the sequential vector and axial-vector meson exchange is less relevant than in the φ → ππγ decay [10] .
If we change the center of mass energy of the electron-positron collision to values off the φ peak, the contribution of the φ mechanisms is almost completely removed. This is shown in fig. 4 , where we plot the same calculation as in fig. 3 but for √ s = 1 GeV instead of √ s = m φ = 1.02 GeV used in fig. 3 . The experimental data are taken from ref. [39] . We can see that the standard, non φ, mechanisms suffice to obtain a good agreement with the KLOE data [39] . In order to cancel the φ effects it is not necessary to move very much the energy from the φ peak since the φ resonance is very narrow, ∼ 4 MeV. Clearly now the effect of the f 0 (980) is negligible, since it is part of the φ production.
Overall, we find a good reproduction of this asymmetry in the whole invariant mass spectrum. We can use other observables to test the theoretical model and the contribution of the different mechanisms. For instance, like in ref. [27] , we can calculate the charge asymmetry
where N +(−) (θ) is the number of π +(−) emitted in the θ direction defined with respect the positron axis. As discussed after eq. (11), only the interference term Re{T ISR T * FSR } changes sign upon the interchange of π + , π − , hence the numerator of eq. (16) contains only this term in |T | 2 . This asymmetry satisfies A c (θ) = −A c (180 • − θ), thus we only plot angles from 90 • on. We plot in fig. 5 the charge asymmetry as a function of the polar angle of the corresponding pion, for different ππ invariant mass ranges and implementing the KLOE acceptance for the photons. There is no experimental data published on this observable. Again one can see in the figures the strong effect of the vector meson exchange mechanisms at low invariant masses and the f 0 (980) at high masses.
The effect of the chiral loops in A c is very important in all ranges of the invariant mass. This effect was not so pronounced for the forward-backward asymmetry. In the range of 500 MeV ≤ M I ≤ 700 MeV the chiral loops reverse the sign of the A c magnitude, something that could be clearly visible with the present KLOE angular acceptance. In the range of 900 MeV ≤ M I ≤ 1000 MeV the chiral loops reduce considerably the strength of A c , particularly close to 180 • . In [22] it was shown that the amplitude A c is very sensitive to details of the model for φ radiative decay. In this respect, it is important to note that when applying the chiral unitary approach to the present problem we have no freedom in parameters and the results presented here are a neat prediction of the model. Since the chiral unitary approach used is the one that generates dynamically the f 0 (980) and f 0 (600), an eventual agreement of the experiment with the predictions would provide extra support for this interpretation of the nature of these resonances. 
V. CONCLUSIONS
We have calculated the different contributions to the forward-backward and charge pion asymmetries in e + e − → π + π − γ. The main aim has been to test the chiral unitary approach calculation of the φ → ππγ decay [10] . This model implements the final state interaction from direct φ → KK decay, the sequential exchange of vector and axial-vector resonances at tree level and the final state interaction of the meson pair. This meson-meson rescattering generates the scalar resonances without the need to include them as an explicit degree of freedom.
The results of the present work show that there is a good agreement of our theoretical model with the experimental KLOE data on the forward-backward asymmetry, both on the φ peak as well as outside its range. The test done outside the φ peak using the data of [39] indicates that one has a good control on the conventional non φ mechanisms of initial and final state radiation in e + e − → π + π − γ. The changes seen in the asymmetry at the φ peak can then clearly be attributed to the φ radiative decay mechanisms. Yet, theses changes, particularly at low ππ invariant masses where they are more drastic, are mostly due to the sequential vector exchange mechanism at tree level, although in the intermediate range of invariant masses the chiral loops are relevant. From the purpose of finding observables which are very sensitive to these chiral loops, we found even more interesting the charge asymmetry. There we could see that at low invariant masses the chiral loops are important, and in the intermediate range 500 MeV < M I < 700 MeV, they even change the sign of the observable. At higher invariant masses the effects are also remarkable, particularly at angles close to 180 • , outside the present range of KLOE.
The present results should encourage experimental efforts to measure the charge asymmetry and other related observables which could shed more light on the nature of the scalar resonances.
